Introduction {#S0001}
============

*Acinetobacter baumannii* is an important opportunistic pathogen that accounts for one-tenth of all nosocomial infections, and susceptible individuals are those who are immune-compromised, especially those in intensive care units (ICUs).[@CIT0001] The generation and spread of drug resistance genes are essential contributors to the resistance of *A. baumannii*. The development of high-throughput sequencing technology has greatly facilitated the study of the molecular mechanism of drug resistance. The complement to high-throughput sequencing is whole-genome resequencing (WGRS), which is a technique for sequencing a genome and comparing it to the previously sequenced reference genome to distinguish sequence polymorphisms that exist in the two sequences.[@CIT0002] Comparative genomics research can help to assess the evolutionary evolution, resistance mechanisms, and pathogenicity of bacterial pathogens at the genome-wide level; it is also useful for the ensuing study of virulence factors involved in pathogenicity.[@CIT0003] Commonly used microbial genome comparison methods include next-generation DNA sequencing,[@CIT0004] polymerase chain reaction screening,[@CIT0005] and transcriptional genomics (ie, 16S rRNA high-throughput sequencing)[@CIT0006] In comparison, whole-genome resequencing can generate large amounts of higher resolution data quickly. At present, whole-genome resequencing is rarely used to investigate the differences in drug resistance between *A. baumannii* strains isolated in China. In this study, we conducted whole-genome resequencing to analyze 10 *A. baumannii* isolates and confirm their genetic diversity, including resistance gene-related InDels and SNPs that differed among the strains.

Thus far, various *A. baumannii* isolates from around the world have been found to possess the msrA/msrB genes, which are associated with macrolides resistance, the aacC1, armA, and aphA1 genes, which are associated with aminoglycosides resistance, and the tet(39), tet(A), and tet(B) genes, which are associated with tetracycline resistance.[@CIT0007]--[@CIT0009] Despite extensive research on the epidemiology and population evolution of *A. baumannii* worldwide, the understanding of the evolutionary processes driving *A. baumannii* multidrug resistance and genome diversity in China remains incomplete, especially in the central and western regions of the country. Only in the eastern and coastal areas has a comprehensive genetic study of *A. baumannii* collected at different sites and at multiple times been conducted.[@CIT0010]

In 2016, our group performed genome-wide sequencing of the multidrug-resistant *A. baumannii* isolate MDR-CQ (BioProject number: PRJNA360504), which has a genome size of 3,927,258 bp and a total of 3,682 coding sequences. On the basis of this prior work, 10 representative multidrug-resistant *A. baumannii* strains isolated at three teaching hospitals in Chongqing were subjected to genome-wide resequencing to assess the genetic diversity and gene content variations of the strains. This study had the following aims: to fill the gaps in the knowledge of genome diversity and the differentiation of drug resistance genes of *A. baumannii* in the central and western regions of China, to better understand the evolution of *A. baumannii* resistance genes in China, and to provide a foundation for the development of antibiotics effective against *A. baumannii*.

Materials and methods {#S0002}
=====================

Microbiology methods {#S0002-S2001}
--------------------

The study was conducted from February 2017 to June 2017 at the Second Affiliated Hospital of Chongqing Medical University, Chongqing People's Hospital, and Chongqing No.5 People's Hospital. All three hospitals have more than 1,000 beds, of which more than 20 beds are in the intensive care unit (ICU), receiving more than 10,000 patients each year. Ten *A. baumannii* strains were part of the routine hospital laboratory procedure and were selected according to their similar resistance patterns: multidrug-resistance. They were isolated from adults between the ages of 25 and 65 who had not received antibiotic therapy prior to sample collection at the three hospitals in Chongqing, China. The selected isolates were collected from the intensive care unit, neurosurgery, respiratory medicine, and anorectal surgery of the above hospitals. The strains were stored in 40% sterile glycerol-broth medium at −80 °C in preparation for subsequent studies.

The departments and specimens from which the strains were obtained are shown in [Table 1](#T0001){ref-type="table"} (Hospital a: Chongqing People's Hospital; Hospital b: Second Affiliated Hospital of Chongqing Medical University; Hospital c: Chongqing No.5 People's Hospital).Table 1List of sources of 10 *Acinetobacter baumannii* isolatesIsolateHospitalSpecimenWardsSequence typeSPBLAPCFICUNSWRWASWMDR-CQAa●●ST-208MDR-CQBb●●ST-369MDR-CQCb●●ST-195MDR-CQDb●●ST-369MDR-CQEb●●ST-208MDR-CQFa●●ST-208MDRCQGc●●ST-195MDR-CQH\
MDR-CQIa\
b●\
●●\
●ST-208\
ST-208MDR-CQJc●●ST-195[^1]

The reference strain used for the whole-genome resequencing was MDR-CQ (accession number PRJNA360504), which was previously collected at the Second Affiliated Hospital of Chongqing Medical University and for which a complete genome-wide sequence was obtained by our group in 2016.The reference strains used for the research of drug resistance gene differences were MDR-TJ, HRAB-85, and MDR-ZJ06 under accession numbers CP003500, CP018143, and CP001937, respectively.

Bacterial identification and antibiotic susceptibility test {#S0002-S2002}
-----------------------------------------------------------

For the operation and isolation of all 10 strains of *A. baumannii* in this study we strictly followed the requirements set by the National Clinical Laboratory Procedures. Ten clinical isolates of *A. baumannii* frozen in the laboratory were taken out from the ultra-low temperature refrigerator at −80 °C, inoculated on blood plates and was placed in a 37 °C incubator overnight. In the next day, the single bacteria was added into distilled water to 0.5 Meek turbidity.

Bacterial species were identified by using VITEK-2 Compact bacterial instrument (BioMerieux, Lyons, France) following the manufacturer's instruction.[@CIT0011] Three different methods performed antibiotic susceptibility testing: the sensitivity of piperacillin/tazobactam was determined by the K-B method; the sensitivity of tigecycline was determined by the E-test method (AB Biodisk, Solna, Sweden); the sensitivity of other antimicrobial agents was detected using the VITEK-GN13 drug susceptibility card. The criteria of the susceptibility of the GN13 card and piperacillin/tazobactam were adapted from the Clinical and Laboratory Standards Institute (CLSI; <http://clsi.org/standards/>).

DNA extraction and genome-wide resequencing protocols {#S0002-S2003}
-----------------------------------------------------

The genomic DNA of the 10 *A. baumannii* isolates was extracted using the TIANamp bacterial DNA kit (Tiangen Biotech Co., Ltd., Beijing, China) according to the manufacturer's instructions. The Illumina sequencing library was then prepared using the Nextera™ DNA Sample Preparation Kit (Illumina^®^-Compatible). Paired-end dual-index 2x90-bp sequencing was performed following the Illumina HiSeq 2000 (150-bp paired-end reading) protocol. Sequencing was performed by the Beijing Novogene Technology Co., Ltd. (Beijing, China). The sequencing data were uploaded to the public database at the National Center for Biotechnology Information (NCBI) (<http://www.ncbi.nlm.nih.gov/>) under the BioProject PRJNA360504.

High-quality sequence reads were mapped to the *A. baumannii* MDR-CQ reference genome, and BWA (version 0.7.12) was used to obtain sequencing coverage data to determine the closeness of the isolates to the reference strain.[@CIT0012] The isolate genomes were assembled using the SOAPdenovo (version 2.04) program, and the assembled sequences were aligned to the reference genome to detect the SNPs and InDels present in each strain. Afterwards, the SNPs and InDels were annotated and statistics were collected based on the reference genome annotation. BreakDancer (version 1.1.2) was utilized to detect structural variation (SV). For any SV resulting from insertion or deletion, the SV was excluded if any of the following criteria were met: 1) the number of PE reads supporting the SV was less than 10; 2) the SV length was less than 100 or more than 1,000,000; and 3) the quality value was less than 30. The CNVnator program (version 0.3) was run to detect copy number variation (CNV) for each strain, and the CNVs were annotated using a custom script.

BlastX (version 2.2.26) was used to search for the gene region in both the reference genome and the SwissProt database.[@CIT0013] Genes possibly associated with drug resistance were identified by the following criteria: identity ≥45%, e value \<1e-6, and coverage ≥70%. Next, we used a custom Perl script to compare the genes containing InDels and SNPs with the predicted drug resistance genes to identify which predicted drug resistance genes contained InDels and SNPs.

We analyzed the resequencing results for the ten strains using a python script. Position information including SNP sites, InDels, SV, and CNV were extracted, and these information were then saved in a file delimited by a separator. To facilitate the visual display of the results, we used Circos (version 0.69.6) to visualize SNP location, SNP density, insertion, structural variation and other information.[@CIT0014]

Multilocus sequence typing {#S0002-S2004}
--------------------------

In this study, BioNumerics 7.6 (Applied Maths, Belgium) was used to perform multi-site sequencing based on the genome-wide sequencing data of the 10 *A. baumannii* isolates.[@CIT0015] Automatic splicing was conducted after introduction of sequence data followed by the analysis of 7 housekeeping genes (including gltA, gyrB, gdhB, recA, cpn60, gpiF and rpoD) against the MLST database of *A. baumannii* (<http://pubmlst.org/abaumannii>). The alleles were automatically matched online with the STs type and then the MLST results were obtained.

Phylogenetic analysis {#S0002-S2005}
---------------------

We used RealPhy (version 1.12) for SNP analysis and constructed a corresponding SNP phylogenetic tree. The original sequences of the 10 *A. baumannii* isolates in this study were used for mass filtration, first screening out low-quality linker sequences and then filtering the remaining sequences for high quality. The sequence was used as an input file for RealPhy. The reference genomes for RealPhy analysis were downloaded from GenBank and included the MDR strains AB0057, ACICU, AB5075-UW, AYE, MDR-TJ, and MDR-ZJ06, and the drug-sensitive strain ATCC 17978. RealPhy first compared all SNPs we entered against the selected reference genome using Bowtie2 (version 2.3.4) and then screened out the SNP sites. Finally, the software package PHYLIP (version 3.695), along with the bootstrap algorithm, was used to construct the maximum likelihood phylogenetic tree, and the phylogenetic tree was visualized in MEGA (version 7.0.2).

Detection of differences in the drug resistance genes {#S0002-S2006}
-----------------------------------------------------

The comprehensive antibiotic resistance database (CARD) (<https://card.mcmaster.ca/>) was searched using the RGI program (version 4.2.2) to identify all drug resistance genes in the reference genome.[@CIT0016] We ran the BWA program to compare paired-end reads to the reference genome to determine a consensus sequence of the resistance gene region in each strain. The Muscle program (version 3.8.31) was used to perform multiple sequence alignments for the same drug resistance gene in each sample. From this comparison, the variation of drug resistance genes in each isolate was obtained, after which the variation was manually verified using the IGV program (version 2.0.1), and the mutation in the domain was verified using the InterPro database (<http://www.ebi.ac.uk/interpro/>).

Next, we compared the differences in *A. baumannii* resistance genes. Three multidrug-resistant *A. baumannii* strains, namely, MDR-TJ, MDR-ZJ06, and HRAB-85, which were all reported in China and for which there is valuable information for reference, were selected as reference strains for analyzing the drug resistance genes. We analyzed the genetic differences in InDels and SNPs among the drug-resistant strains and investigated the evolution of the resistance genes in multidrug-resistant *A. baumannii* in Chongqing.

Genbank accession number {#S0002-S2007}
------------------------

The whole-genome resequencing for 10 *A. baumannii* clinical isolates have been deposited in GenBank under accession numbers: SNVT00000000, SNVS00000000, SNVR00000000, SNVQ00000000, SNVP00000000, SNVO00000000, SNVN00000000, SNVM00000000, SNVL00000000 and SNVK00000000, respectively.

Results {#S0003}
=======

Antibiotic susceptibilities {#S0003-S2001}
---------------------------

The results of antimicrobial sensitivity are shown in [Table 2](#T0002){ref-type="table"}. All 10 isolates are resistant to ≥3 antibiotics and can be identified as multidrug-resistant (MDR).[@CIT0017] It can be seen from the table that 8 strains are only susceptible to tigecycline. Besides, MDR-CQF is not only susceptible to tigecycline, but also susceptible to tetracycline, tobramycin and cotrimoxazole. MDR-CQG is susceptible to both tigecycline and cotrimoxazole.Table 2Antimicrobial susceptibility of 10 *Acinetobacter baumannii* isolatesIsolateTCYIMPAMKOFXCAZCROSXTFEPGENTOBTGCTZPMDR-CQARRRRRRRRRRSRMDR-CQBRRRRRRRRRRSRMDR-CQCRRRRRRRRRRSRMDR-CQDRRRRRRRRRRSRMDR-CQERRRRRRRRRRSRMDR-CQFSRRRRRSRRSSRMDR-CQGRRRRRRSRRRSRMDR-CQHRRRRRRRRRRSRMDR-CQIRRRRRRRRRRSRMDR-CQJRRRRRRRRRRSR[^2]

Whole-genome resequencing and comparison with MDR-CQ {#S0003-S2002}
----------------------------------------------------

Detailed quality control statistics for the WGRS results for the 10 *A. baumannii* isolates are shown in [[Table S1]{.ul}](https://www.dovepress.com/get_supplementary_file.php?f=216745-S1.xlsx). The total G + C% content was between 39.05% and 39.43%, and the average sequencing depth for each strain was between 273.95 and 428.99. The percentage of mapped reads for each strain was between 92.93% and 99.27%, and there was between 96.16% and 100% coverage of the reference sequence for a minimum depth of 20X; this high homology with the reference sequence confirmed that each isolate was *A. baumannii*. A total of 12,354 SNPs and 42 InDels ([[Tables S2]{.ul}](https://www.dovepress.com/get_supplementary_file.php?f=216745-S2.xlsx) and [[S3]{.ul}](https://www.dovepress.com/get_supplementary_file.php?f=216745-S3.xlsx)) were detected by whole-genome resequencing, and multiple structural variations and copy number variations were found ([[Tables S4]{.ul}](https://www.dovepress.com/get_supplementary_file.php?f=216745-S4.xlsx) and [[Tables S5]{.ul}](https://www.dovepress.com/get_supplementary_file.php?f=216745-S5.xlsx)). An overview of the WGRS results for the ten isolates, visualized using Circos, is shown in [Figure 1](#F0001){ref-type="fig"}.Figure 1Chord diagram of whole-genome resequencing results.**Notes:** The outermost part is the genome length of ten isolates, and the outermost circle is the coordinate axis, where each square on the scale represents 10,000 bases---used to display the mutation information that occurred at the corresponding location. The center line in the figure shows the correlation between different chromosomal regions, which is used to show that SNPs sites are repeated in these 10 strains. In the histogram, the synonymous and non-synonymous mutations of the SNPs site in the strain are respectively indicated, blue indicates a non-synonymous mutation, and red indicates a synonymous mutation. Red indicates the variation of the deletion type in the single copy number variation, and blue indicates the variation of the duplication type in the single copy number variation. The figure also contains the detected structural variations, such as DEL, INV, INS, ITX, CTX, and other types. Among them, green indicates the DEL type variation; orange indicates the INS type, purple indicates the ITX type, black indicates INV, and gray indicates CTX type variation. Furthermore, we also calculated the density of SNPs, using the form of a line graph to represent the number of SNPs per 10,000 bases.**Abbreviations:** SNP, Single nucleotide polymorphism; SV, Structural variation; CNV, Copy number variations; DEL, Deletion; INV, Inversion; INS, Insertion; ITX, Intra-chromosomal translocation; CTX, Inter-chromosomal translocation.

Multilocus sequence typing and phylogenetic grouping {#S0003-S2003}
----------------------------------------------------

A total of three STs were identified ([Table 1](#T0001){ref-type="table"}): ST208 (MDR-CQA, MDR-CQE, MDR-CQF, MDR-CQH, and MDR-CQI), ST369 (MDR-CQB and MDR-CQD) and ST195 (MDR-CQC, MDR-CQG, MDR-CQJ, and reference strain MDR-CQ). ST208 was the most prevalent, occurring mainly in two hospitals, the Second Affiliated Hospital of Chongqing Medical University and Chongqing People's Hospital. ST369 was only identified at the Second Affiliated Hospital of Chongqing Medical University. The two strains from the Chongqing No.5 People's Hospital belonged to ST195. All three STs belonged to clonal complex CC92.[@CIT0018]^--^[@CIT0020]

The 10 *A. baumannii* isolates were classified into four phylogenetic groups ([Figure 2](#F0002){ref-type="fig"}), namely, a, b, c, and d. Strain ATCC-17978 was found in early studies and was susceptible to a variety of multiple antibiotics; Strain AYE was isolated from France in 2001 and was a multidrug-resistant strain.[@CIT0021] In group a, MDR-CQA had high similarity with MDR-CQF. In group b, MDR-TJ and MDR-ZJ06, located in the middle of the phylogenetic tree, were isolated from the eastern coastal areas of China, Tianjin and Zhejiang Province, respectively. MDR-CQB and MDR-CQD originated from MDR-TJ and MDR-ZJ06, indicating that these two strains may be transmitted from the eastern coast of China. In group c, MDR-CQG, MDR-CQJ and MDR-CQC originated from MDR-CQ. In group d, MDR-CQH, MDR-CQE, and MDR-CQI also had high similarity, independent of the above three groups, suggesting that *A. baumannii* has a rich origin resulting in substantial diversity.Figure 2Phylogenetic tree of 10 *A. baumannii* and other reference genomes.**Notes:** The sequences of the other nine *A. baumannii* (AB0057, ACICU, AB5075-UW, AYE, MDR-TJ, MDR-ZJ06, and ATCC17978) were used as external roots.

Differences in drug resistance genes compared to three typical chinese A. baumannii strains {#S0003-S2004}
-------------------------------------------------------------------------------------------

A total of 33 antibiotic-related genes with high mutation rates were obtained following removal of genes with similarity less than 80% and coverage less than 70%. The number of occurrences of these drug resistance genes is shown in [Table 3](#T0003){ref-type="table"}.Table 3Statistics on drug resistance genes of ten *Acinetobacter baumannii* isolatesGenesNumberGenesNumberGenesNumberGenesNumberAPH(3ʹ')-Ib10APH(3ʹ)-Ia9adeL10catB84TEM-110OXA-2310adeF10sul22adeI10armA9oqxB10AAC (6ʹ)-Ib92msrE9ANT(3ʹ')-IIa10adeK10AAC(6ʹ)-Ib'2abeS10adeA10OXA-6610AAC (1)3adeJ10ADC-210APH (6)-Id10aadA153adeB10adeH10tet (B)9mphD9adeR10adeN7adeC10abeM10sul15

It can be seen from the table that a total of 19 drug resistance genes, namely, APH(3'')-Ib, TEM-1, adeA, adeB, adeC, OXA-23, ANT(3'')-IIa, ADC-2, adeF, adeH, adeJ, adeK, adeL, abeM, adeR, abeS, oqxB, OXA-66, and APH(6)-Id, were present in all 10 multidrug-resistant *A. baumannii*; eleven of the 19 were efflux pump family genes (adeABC, adeRS, etc.). The genes APH(3'')-Ib, APH(6)-Id, APH(3ʹ)-Ia, ANT(3'')-IIa, AAC(1) and aadA15 are correlated with aminoglycoside resistance,[@CIT0022]^--^[@CIT0024] TEM-1 and ADC-2 are associated with β-lactam resistance,[@CIT0025],[@CIT0026] and OXA-23 and OXA-66 are associated with carbapenem resistance.[@CIT0027]

In addition, the sulfonamide resistance genes sul1 and sul2 were present in 5 strains and 2 strains, respectively,[@CIT0028] the quinolone resistance genes AAC(6ʹ)-Ib9 and AAC(6ʹ)-Ib' were found in only 2 strains,[@CIT0029] and the chloramphenicol resistance gene catB8 was present in 4 strains.[@CIT0030] With the exception of MDR-CQF, the other 9 strains each contained the tetracycline resistance-related gene tet (B),[@CIT0031] the macrolide resistance-related gene msrE,[@CIT0032] and the aminoglycoside resistance-related gene armA.[@CIT0033]

To obtain additional genetic resistance information, the ten multidrug-resistant *A. baumannii* isolates were compared with multidrug-resistant reference strains for differences in InDels and SNPs. We analyzed the InDel mutations associated with drug resistance genes after comparison with three reference strains, and the details of the InDel variation are shown in [[Table S6]{.ul}](https://www.dovepress.com/get_supplementary_file.php?f=216745-S6.xlsx). In terms of the InDel differences, the isolates in this study were not substantially different from HRAB-85, MDR-TJ, and MDR-ZJ06, as the only InDel difference was in the class I integron AacA4 ([Table 4](#T0004){ref-type="table"}). Compared with HRAB-85, only MDR-CQC had a deletion of 19 bases (AGCAGCAACGATGTTACGC) in the coding region of 1,367,637. Compared with MDR-ZJ06, only MDR-CQE and MDR-CQI harbored a deletion of the sequence AGCAGCAACGATGTTACGC in the coding region of 1,367,637. Thus, 19-bp mutations in AacA4 were associated with significant changes in aminoglycoside resistance. There were no InDel differences identified for MDR-TJ.Table 4InDels changes closely related to antibiotic resistance of *Acinetobacter baumannii*Gene nameProductMutationsPotential\
antibioticsisolateBKJ37_RS06525AacA4 family aminoglycoside N (6ʹ)-acetyltransferase1367637del\
AGCAGCAACGATGTTACGCAminoglycosideE/IABZJ_RS06430AacA4 family aminoglycoside N (6ʹ)-acetyltransferase1343298del\
AGCAGCAACGATGTTACGCAminoglycosideE/I

Finally, we analyzed the SNP variation associated with drug resistance genes following comparison with the three reference strains, and the SNP variation details are shown in [[Table S7]{.ul}](https://www.dovepress.com/get_supplementary_file.php?f=216745-S7.xlsx). Unlike for the InDels, the SNP differences in comparison with HRAB-85, MDR-TJ and MDR-ZJ06 were quite abundant ([Table 5](#T0005){ref-type="table"}). Nonsynonymous mutations occurred in the LysR-family gene, the AacA4-family gene, the ANT (3'')-II-family gene, the AdeS gene, the ADC-82 gene and the QacE-family gene. In contrast, stop-loss mutations occurred in the MarC-family gene.Table 5SNP changes closely related to antibiotic resistance of *Acinetobacter baumannii*Gene symbolProductMutationsConsequencePotential antibioticsBKJ37_RS05635LysR family transcriptional regulator1NSCarbapenemBKJ37_RS06525AacA4 family aminoglycoside N (6ʹ)-acetyltransferase1NSAminoglycosideBKJ37_RS09345two-component sensor histidine kinase AdeS1NSefflux pump familyABTJ_RS05970LysR family transcriptional regulator1NSCarbapenemABTJ_RS18145ANT (3ʹ')-II family aminoglycoside nucleotidyltransferase49NSAminoglycosideABTJ_RS05640class C extended-spectrum beta-lactamase ADC-821NSCarbapenemABTJ_RS09235two-component sensor histidine kinase AdeS1NSefflux pump familyABZJ_RS13265QacE family quaternary ammonium compound efflux SMR transporter10NSbiocideABZJ_RS13290LysR family transcriptional regulator1NSCarbapenemABZJ_RS13795MarC family protein5Stop-lossefflux pump familyABZJ_RS09930two-component sensor histidine kinase AdeS1NSefflux pump family

Among these, the LysR transcriptional regulator family is a class of transcriptional regulatory proteins ubiquitous in prokaryotes.[@CIT0034] There was one mutation found in the highly conserved LysR regulator of MDR-CQC strains. Specifically, there was a C to T mutation at position 343 in the coding region, and the corresponding protein harbors a H115Y mutation, which may increase the resistance to carbapenems.

There were a total of 49 gene variants of ANT(3'')-II found among the 10 *A. baumannii* isolates. ANT(3'')-II is a new subclass of aminoglycoside nucleotide transferases; the ANT(3'')-II gene frequently undergoes horizontal gene transfer in *A. baumannii*, and the ANT(3'')-II protein is resistant to aminoglycosides.[@CIT0035] MDR-CQG contained only four nonsynonymous mutations, whereas the other nine strains had five. The five nonsynonymous mutations resulted in the variants A262T, P206S, M205K, T135A, K20E, and MDR-CQG lacked the K20E variation.

AdeS/AdeR is a two-component regulatory system located upstream of the efflux pump AdeABC.[@CIT0036] Members of the Ade ABC efflux pump family are currently the main determinants of antibiotic resistance. Due to their active efflux activities, their expression has extensive effects on antibiotic resistance, including against aminoglycosides, trimethoprim, and quinolones.[@CIT0037] In MDR-CQJ, the AdeS gene harbored a C to T mutation at position 281 in the coding region, corresponding to amino acid change A94V, which resulted in increased expression and downstream regulation. Enhanced expression of the AdeABC pump results in increased efflux, thereby generating resistance to multiple drugs.[@CIT0038]

ADC-82 is a recently discovered allelic variant that is resistant to a wide spectrum of cephalosporins.[@CIT0039] In MDR-CQD, there was a T to C point mutation at position 731 in the ADC-82 gene, corresponding to amino acid change L244P, which might have resulted in increased expression.

The disinfectant resistance gene QacE confers resistance to quaternary ammonium salt disinfectants.[@CIT0040] A mutation in this gene was found in each of the ten *A. baumannii* isolates. Specifically, the base at position 263 in the coding region was mutated from C to T, corresponding to amino acid change T88I, which might also lead to increased expression.

The MarC gene encodes a member of the RND family of multidrug efflux pumps.[@CIT0041] A mutation in this gene was found in MDR-CQB, MDR-CQC, MDR-CQD, MDR-CQG, and MDR-CQJ. Specifically, there was an A to G stop-loss mutation at base position 615 in the coding region, allowing downstream genes to be continually overexpressed.

Discussion {#S0004}
==========

Comparative genomics based on high-throughput sequencing technology can yield more comprehensive and accurate targeted microbial genome information than traditional methods. In this study, whole-genome sequences of 10 multidrug-resistant *A. baumannii* isolated from Chongqing were studied. The sequence of a representative *A. baumannii* strain commonly studied by scholars was used as a reference to assess differences in drug susceptibility and drug-resistance gene content to obtain a better understanding of *A. baumannii* multidrug resistance in China.

According to the results of the resequencing analysis, we can see that the MDR-CQC, MDR-CQG, and MDR-CQJ strains have less variation relative to the MDR-CQ reference genome, as the number of SNPs, InDels, and SV variants was far less than that in other strains. The SNPs in the MDR-CQG strain occurred at the same sites as in other strains. Although there was a unique mutation site in the MDR-CQC and MDR-CQJ strains, this site was a nonsynonymous mutation and may not have had a significant effect on the functions of the strains. Combined with the phylogenetic tree, these data also support the conclusion that MDR-CQC, MDR-CQG, and MDR-CQJ are closely related to the reference strain, MDR-CQ.

The MDR-CQA, MDR-CQE, MDR-CQF, and MDR-CQI strains had substantial chromosomal structural variations, especially chromosomal inversions. At the same time, we also found that the strain with a large number of SNP sites had a higher SNP density across the first 1,000 bps of the genome. In contrast, the density of SNPs remained at a lower level within the first 1,000 bp in the other strains.

MLST results showed that ST208, one of the most common types in China, accounted for the most (5 of 10), which is one of the most common types in China. MDR-CQB and MDR-CQD may be transmitted from the eastern coast of China. The strains clustered into four groups, and the gap between each group was obvious, which indicates that *A. baumannii* strains in Chongqing had a rich origin resulting in substantial diversity.

We used HRAB-85, MDR-TJ, and MDR-ZJ06 as reference sequences to analyze differences in drug resistance genes. HARB-85 was isolated at the No.307 Hospital of Beijing Liberation Army in China in 2017.[@CIT0042] MDR-TJ was isolated at the Second Affiliated Hospital of Tianjin Medical University in 2012.[@CIT0043] MDR-ZJ06 was isolated at the First Affiliated Hospital of Zhejiang University in 2011.[@CIT0044] All three are multidrug-resistant strains for which genome-wide sequencing has been used to systematically analyze drug resistance genes. The three strains are highly valuable as references for analyzing the domestic migration of *A. baumannii* resistance genes.

In this study, a total of 34 drug resistance genes were found in 10 multidrug-resistant *A. baumannii* strains and included 11 efflux pump genes belonging to several families (adeABC, adeRS, etc.) in each strain.[@CIT0045] Class I integrants \[aac(6)-Ib, catB8 and aadA1\] were also found.[@CIT0046] Nonsynonymous point mutations occurred in the regulatory gene of the adeABC efflux pump system, adeS, causing the system to be overexpressed and leading to efflux-mediated drug resistance against aminoglycosides, quinolones, β-lactam, macrolides, tetracyclines, and other drugs, which is consistent with the research of Meredith et al[@CIT0003]. It can be seen that multidrug efflux pumps play a key role in the ten multidrug-resistant *A. baumannii* isolates in this study because this class accounts for the largest proportion of the identified drug resistance genes. By comparing the differences in drug resistance genes and drug sensitivity to those of MDR-CQF, we can infer that the tet(B) and armA genes encode resistance to tetracycline and tobramycin, respectively.

Compared with the three reference strains from the eastern coastal region, the isolates in this study harbored InDel differences only in the class I integron AacA4, differences characterized by a 19-bp deletion that confers resistance to aminoglycosides.[@CIT0047] In terms of the differences in SNPs, nonsynonymous variations occurred in the LysR-family gene, the AacA4-family gene, the ANT (3'')-II-family gene, the AdeS gene, the ADC-82 gene, the QacE-family gene, and the MarC-family gene. It can be inferred that the *A. baumannii* from Chongqing have different variants of drug resistance genes than do strains from the eastern coastal areas of China, and most of the variants are the result of single-site mutations. The ANT (3'')-II gene, which was found in each *A. baumannii* isolate, had the most mutations; this is an natural resistance gene and may function as a streptomycin/spectinomycin resistance gene in nature. Furthermore, the ANT (3'')-II gene represented the main difference in drug resistance genes among *A. baumannii* examined in this study. The variants associated with changes in amino acids, such as A262T, P206S, M205K, T135A, and K20E, may lay the foundation for the next step in antibiotic development.

In contrast to previous studies, this work was the first to use resequencing technology to study the differences in drug resistance genes of *A. baumannii* in China. Furthermore, we used three typical Chinese *A. baumannii* strains as reference strains to study the differences in InDels and SNPs within the drug resistance genes, an approach that was relatively rare in the previous studies. This study has some limitations. For example, only ten clinical isolates were used, which may have affected genetic differentiation analysis and the study of cross-regional spread. Likewise, the resistant reference strains did not include worldwide epidemic strains, and only the differences in drug resistance genes from China were examined. Last, we did not conduct any experiments to confirm that the genetic diversity of InDels and SNPs was associated with antibiotic resistance or to verify the potential relationship between amino acid substitution and increased gene expression. Further investigation of the function of the various genes identified in this study is needed.

Conclusion {#S0005}
==========

The situation with *A. baumannii* resistance in Chongqing is very serious. However, the overall evolution tends to be stable. In addition, the multidrug-resistant *A. baumannii* in China are relatively independent from foreign strains, forming an autonomous system, and there are cases of cross-regional migration. The main mechanism of multidrug-resistance in these strains involves the presence of genes associated with efflux pumps. In most of these genes, there are nonsynonymous SNPs that may be involved in drug resistance. Here, we briefly reported the genomic variation among *A. baumannii* from Chongqing, China. These variants and their association with antibiotic resistance mechanisms may provide a reference for the development of new antibiotics.
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[^1]: **Abbreviations:** SP, sputum; BL, blood; AP, abdominal paracentesis; CF, Cerebrospinal fluid; ICU, intensive care unit; NSW, Neurosurgery ward; RW, Respiratory ward; ASW, Anorectal surgery ward; ST, sequence type.

[^2]: **Abbreviations:** TCY, tetracycline; IMP, imipenem; AMK, amikacin; OFX, ofloxacin; CAZ, ceftazidime; CRO, ceftriaxone sodium; SXT, compound sulfamethoxazole; FEP, cefepime; GEN, gentamicin; TOB, tobramycin; TGC, tigecycline; TZP, piperacillin/tazobactam.
